Energy is a major cost in the operation of food cold stores. Work has shown that considerable energy savings can be achieved in cold stores. Results from 38 cold store audits carried out across Europe are presented.
energy efficient equipment. Often these improvements had short payback times of less than 1 27 year. 28
In each facility the options to reduce energy consumption varied. This indicated that to fully identify 29 the maximum energy savings, recommendations need to be specific to a particular plant. General 30 recommendations cannot fully exploit the energy savings available and therefore to maximise 31 energy savings it is essential to monitor and analyse data from each facility. 
Introduction

58
The cold chain is believed to be responsible for approximately 2.5% of global greenhouse gas 59 emissions through direct and indirect (energy consumption) effects [1] . Cold storage rooms 60 consume considerable amounts of energy. Within cold storage facilities 60-70% of the electrical 61 energy can be used for refrigeration. Therefore cold store users have considerable incentive to 62 reduce energy consumption. 63
It is estimated that there are just under 1.5 million cold stores in Europe ranging from small stores 64 with volumes of 10-20 m 3 to large distribution warehouses of hundreds of thousands of m 3 . The 65 majority of cold stores (67%) are small stores of less than 400 m 3 [2] . 66
In 2002 the IIR estimated that cold stores used between 30 and 50 kWh/m 3 /year [3] . Previous 67 detailed energy audits carried out by Evans and Gigiel [4] [5] on a small number of cold stores have 68 shown that energy consumption can dramatically exceed this figure, often by at least double. 69
These audits also demonstrated that energy savings of 30-40% were achievable by optimising 70 usage of the stores, repairing current equipment and by retrofitting of energy efficient equipment. 71
Although there are few published surveys comparing the performance of more than a few cold 72 stores, the limited information available corroborates the wide range in efficiency generally found in 73 cold stores in the audits. The most comprehensive recent survey was carried out in New Zealand 74
by Werner et al (2006) which compared performance of 34 cold stores. This demonstrated that 75 there was a large variation in energy consumed by cold stores and that savings of between 15 and 76 26% could be achieved by applying best practice technologies. 77
Although there are several surveys that benchmark the performance of cold stores there is little 78 comprehensive information on the issues surrounding energy savings initiatives in cold stores. 79
Several authors have examined methods to save energy in cold stores. However, these authors 80 have tended to concentrate on a small number of technologies such as air flow, variable speed 81 cold store docks [9] or free cooling systems [10] .
The work carried out by Evans and Gigiel [4] [5] on a limited number of cold stores demonstrated that the issues surrounding energy savings varied considerably between the cold stores examined.
This meant that to effectively save energy that cold store operators needed tailored bespoke information specifically related to their cold store. As the information available to cold store operators is often generic in nature this may restrict the amount of energy that could be saved by operators.
The audits carried out by Evans and Gigiel only covered 6 cold store groups and so to determine whether specific energy saving information related to a cold store could help operators save energy a greater number of audits were required. As part of a European research project (ICE-E, Improving Cold store Equipment in Europe) the performance of 38 cold stores were examined to determine how much energy could be saved, areas of common problems and the initiatives that could be implemented that would save energy.
Materials and methods
Thirty-eight detailed energy audits were carried out. Audit sites were selected to provide a range of cold stores in terms of temperature setting, volume, products stored, refrigerants and location. A list of stores audited and their attributes is presented in Table 1 . When analysed stores were divided into small stores (those of 100 m 3 and less) and larger stores (those with a volume greater than 100 m 3 ).
Audit procedure
Data collection
Data were obtained from a variety of sources depending on the cold store being audited. In some cases the cold store had their own on site data loggers that recorded sufficient information (temperatures in the cold rooms, energy consumed by each cold store and door openings) for the analysis. In other situations data loggers were attached by the auditors to the refrigeration system to measure refrigerant and air temperatures, pressures and energy consumption. In all cases 108
temperatures were measured to an accuracy of ±0.5°C, pressures to ±2% of reading and power to ±2% of reading.
In all situations data was recorded for a minimum of one week and in some cases for several months. In the case of stores where heat loads were variable (for example in produce stores where there was a high heat load post the initial loading after harvest and a lower heat load once field heat has been removed) the audits were carried out twice to cover the high and low heat loads.
Data logged from the refrigeration system were recorded at intervals of between 30 seconds and 2 minutes.
Manual readings were taken to back up the above readings and pressure readings were taken from the gauges fitted to the plant. Where necessary, calibrated pressure gauges were substituted for each plant gauge to ensure accuracy. The electrical energy consumption of the plants was recorded using data loggers or taken from daily meter readings and spot measurements were made of the power consumption of the fixed loads (evaporator and condenser fans, electric defrosts, lights, pumps and any auxiliary power sources such as fan extraction for battery charging).
Meteorological data for the ambient conditions were obtained from the nearest weather recording station to the site or were recorded using data loggers.
Heat loads
Heat loads were calculated using either a steady state or dynamic heat load model previously developed by the authors and available from http://www.khlim-inet.be/drupalice/models [11] . The models did not predict latent heat load due to food freezing. In such cases (only cold store 1) a heat transfer model similar to that developed by Evans et al [12] was used.
Heat load across walls
The heat load on each room through the cold store fabric was calculated using the following equation:
The air temperature difference between either side of the wall was calculated from internal 137 chamber temperature obtained from logged data and dry bulb temperature obtained from logged or 138 meteorological data. The temperature of the air on the outside of the cold store walls and in the 139 roof space was recorded using data loggers or the cold store logging system. The material in each 140 wall/ceiling/floor was obtained from store design information and manual inspection. Thermal 141 conductivities of the wall materials were taken from ASHRAE data tables [13] . Surface heat 142 transfer coefficients were estimated from measured velocities using the following equation for 143 vertical plane surfaces (where velocity is less than 5 m.s Most of the larger stores were regularly thermo graphically scanned and there was no indication 146 from these scans that there was any major deterioration in the insulation of any of the stores. 147
However, it should be noted that the calculations may have overestimated the effectiveness of the 148 cold store panels if there had been any undetermined breakdown of the insulation. 149
Infiltration
150
Data on cold store door openings and usage obtained from the store data loggers, or from 151 magnetic break sensors placed on the cold store doors were used to calculate the heat load on the 152 room during door openings. If storage rooms were fitted with strip curtains the integrity of the 153 protection was assessed be measuring the open area when the cold store door was opened and 154 the strip curtains were stationary and when the strip curtains were parted to allow entry to people 155 or forklifts. The heat load under each circumstance was calculated using the model developed by 156
Gosney and Olama [15] and substituting the open area for the area of the door. 157
The model developed by Gosney and Olama [14] has been shown by Foster et al [15] to provide 158 the most accurate prediction of infiltration through the cold room door in their study. The Gosney 159
and Olama model (Equation 4) assumes that the air temperature within the cold room remains 160 stable during door openings (this is a reasonable assumption in a large room that is not left open 161 for extended periods). 162
In all calculations the RH in the cold store was measured or assumed to be 90% (at low 164 temperatures, the enthalpy of the water content of the cold store air does not vary much and 165 therefore the RH value used was not critical). 166
Heat load from food
167
Although ideally food should not be frozen (change of phase) or chilled (reduced in temperature) in 168 a cold store, occasionally food was cooled or frozen after entry into the chambers. Data provided 169 by the cold store operator (quantity of food, size and packing of food pallets, entry temperature and 170 food type) or from direct measurement of these parameters was used to calculate heat load on 171 each store. Where relevant (in the case of store 1 where some product was frozen) latent load was 172 included in the calculation. If product respired the respiration heat load was included in the heat 173 loads calculated. 174
Fixed heat loads
175
The heat loads added to the room from pedestrian access and forklifts were derived from the door 176 opening data and food entry data or from observation. Heat loads from forklifts were obtained from 177 fork lift manufacturers' data. The heat load due to pedestrians was calculated from the following 178 equation from ASHRAE [16] : 179
The fixed heat loads on the rooms from lights, defrost heaters and evaporator fans were 181 measured. 182
Heat extracted by evaporators
183
Refrigerant liquid temperature (measured prior to the evaporator expansion valve), saturated 184 temperature (measured at the first evaporator pipe turn) and suction temperature (measured at the 185 exit to the evaporator) were measured using data loggers by strapping a temperature sensor to the 186 outside of the evaporator pipe and then insulating the sensor. In some cases saturated evaporating 187 pressure was measured as an alternative to measurement of saturated evaporating temperature. 188
Enthalpy into and out of the evaporator was then calculated using the thermophysical properties of 189 
Efficiency of refrigeration plant
204
The COSP (Coefficient Of System Performance) of the refrigeration system was calculated from 205 the total calculated heat load (from transmission, infiltration, food, fixed) divided by the total energy 206 used by the refrigeration system (including compressors, condenser and evaporator fans, defrosts 207 and any refrigeration ancillaries). The efficiency of each cold store was compared and options to 208 improve efficiency identified and the savings in energy calculated. 209
The methodology for identifying and calculating energy savings varied according to the cold store. 210
However, in all cases evaporating and condensing temperature levels were investigated to 211 determine whether condensing pressure could be reduced and evaporating pressure increased. 212 Levels of evaporator superheat and condenser sub cooling were also assessed to determine 213 whether they impacted on operational efficiency. The major heat loads were investigated to 214 determine whether they could be reduced. Inefficiencies in the operation of equipment and design 215 of the refrigeration plant and cold store were also investigated if relevant. 216
Results
217
. 
Areas where energy savings were identified
Issues identified in the audits were classified under 21 general headings. An overview of the issues and examples of typical issues within each category are presented in Table 2 .
In large stores (> 100 m 3 ) between 2 and 12 issues were identified in each store with an overall mean of 5 issues identified per store. In the smaller stores (< 100 m 3 ) between 1 and 4 issues were identified (mean of 3). A list of the issues and the regularity (as a percentage of the total number of issues) that they were found are shown in Figure 1 . No one issue dominated, but issues associated with control of the refrigeration plant (compressor control, condensing pressure, defrosts and evaporator fans) accounted for 33% of the issues identified.
Energy savings identified
The potential energy savings were calculated for each issue identified. The savings are presented in Figure 2 and were calculated based on the potential energy savings as a percentage total energy consumed by the cold store (total energy for refrigeration plant, condenser and evaporator fans, defrost heaters, lights and any ancillaries directly related to the cold store itself). The savings were based on either measured data or data obtained on the operation of the installed components from manufacturers' data. The opportunity to rectify any differences from the original installed performance was investigated. This was particularly relevant to compressors where efficiency had sometimes become compromised by changes to the plant or lack of maintenance.
Savings obtainable by fitting components such as new fans, lights and defrost systems was obtained by comparing the performance of the existing components with more efficient components. Data on the performance of the new components was obtained from manufacturers of the components and from published information on installed performance of the components.
Savings obtained from reducing infiltration, product load or transmission were obtained by comparing the measured current situation with a calculated improved situation.
Potential energy savings were found in all stores audited but the level of total savings varied between 8-72% of the annual energy consumption for large stores (> 100 m 3 ) and between 8 and Further analysis of the data collected showed that there was very little difference in the savings available in chilled stores and frozen stores (Figure 3 ). Percentage energy savings from small stores (<100 m 3 ) were quite similar to those achievable in large stores, however, there were more opportunities for large savings in the larger stores (> 100 m 3 ) (Figure 4 ). Greater savings were found in dairy, mixed and vegetable stores ( Figure 5 ) but the variability in the potential savings was too high to clearly show that certain store types had greater potential to save energy.
Cost effectiveness of initiatives to save energy.
The payback time for each of the energy saving initiatives were calculated. The calculation involved a straight comparison of direct cost and time to repay the cost of applying each initiative through energy savings. The energy costs used was 0.11 €/kWh. No account was taken of any future increase in energy costs or of the impact that any of the initiatives would have on improved product quality, reduced maintenance costs or improved logistics.
The average payback time for each initiative is shown in Figure 6 together with the range in payback times calculated. When examining average paybacks it is clear that in small stores (< 100 m 3 ) all initiatives apart from adjusting control of evaporator fans (which had paybacks of approximately 1 year) had average paybacks of greater than 20 years with minimum paybacks of at least 9 years. Therefore many of these interventions would be very unlikely to be economic.
The interventions applied to larger stores (> 100 m 3 ) were more likely to be economic with only improvements associated with the building, system design and investment in new equipment having average paybacks of greater than 4 years. In all except 3 of the cold stores audited there was at least one intervention that had a payback of 2 years of less.
Overall 54% of issues identified had paybacks of less than 1 year, 64% had paybacks of less than 2 years, 71% had paybacks of less than 3 years and 83% had paybacks of less than 5 years.
Depending on the company structure, paybacks of up to 10 years were acceptable to the 272 
Energy saving potential for cold stores.
Using the information generated from the audits the issues identified were ranked in terms of expertise required to identify and solve each issue. It was found that 24% of issues could be identified and quantified by a reasonably astute cold store manager who could use engineering knowledge and freely available modelling tools to identify the level of savings that could be achieved. A further level of savings could only be achieved with the input of a refrigeration engineer as these involved handling refrigerant or modifications to the refrigeration system. Above this there was a level where expert/specialist help was required ( Figure 7 ).
Discussion
The audits were carried out in 6 different European countries. There was not sufficient number of replicates from each country to fully analyse whether there were fundamental differences between countries. Previous audits which had been carried out in the UK [4] [5] had shown that savings of 30-40% were achievable and this result was borne out by the results from this work where savings of between 8 and 72% were found. Over all 38 stores the average energy saving was 28% which confirms that considerable energy savings are possible. In small stores of less than 100 m 3 energy savings of up to 28% were found (average 21%) but most of these savings had long payback periods that were longer than would be acceptable to most companies. Therefore the audit results indicated that it is essential to ensure that a new small store is energy efficient when purchased.
With a large store (> 100 m 3 ) there were a greater number of interventions that could be applied economically throughout the life of the store and therefore there were benefits in regular inspection and auditing to identify energy savings.
As was found by Evans and Gigiel [4] [5] each cold store exhibited particular energy issues and paybacks could be very variable. As would be expected, paybacks on large capital items such as new equipment, replacing insulation and major system design changes were often uneconomic.
However, the payback levels was very cold store specific and in some instances purchase of major equipment such as new LED lighting or major changes to the refrigeration plant were extremely 300 and that there were considerable energy savings from relatively simple checks to ensure that the 302 refrigeration pant was operating efficiently. Also in several cases the cold store was being operated 303 at too low a temperature and there was potential to very cheaply and simply raise the operating 304 temperature. In addition many issues were due to long term gradual decline in the operation of 305 systems or due to damage to equipment that was not repaired. Often these issues could be easily 306 identified (e.g. damaged door strip curtains, damaged doors, ice build up on evaporators, damage 307 to evaporator fans) and had extremely economic paybacks. Such items could simply be identified 308 by cold store operators and could be part of a weekly or monthly check on the operation of the cold 309 store. 310
Within the stores examined there would appear to be considerable potential to make larger energy 311 saving interventions. Twenty-one percent of stores were still operating on R22 as the refrigerant. In 312 a recent survey of 137 food companies in Europe it was found that 31% of respondents still had 313 R22 on site [19] . This was similar to that reported in a Carbon Trust survey in 2006 [20] . R22 is 314 currently being phased out and recycled refrigerant will no longer be able to be used after 2015. 315 Therefore many of the stores are likely to be either replaced or upgraded in the next few years. 316 This is an opportunity to install more efficient equipment and to optimise the performance of the 317 refrigeration plant. Three of the stores had already been retrofitted with an R22 replacement 318 (R422D) but considerable issues were found with the optimisation of the refrigeration plant. These 319 issues included setting of superheats, condenser sub cooling and general efficiency of the 320 refrigeration system. Therefore some of the opportunities available during retrofitting of a new 321 refrigerant are possibly being lost. 322
Although the issues identified in each cold store were considered under generic headings there 323 was often a relationship between different issues. For example poor door control which resulted in 324 high infiltration loads would also have an impact on defrosting of evaporator and would add an 325 additional load to the refrigeration plant. In the analysis of each store the integration of these 326 factors were assessed together to determine the overall energy savings. Therefore it is not always 327 possible to totally apply one energy saving option without also applying another. The 328 interrelationship between issues is therefore important and when making changes to improve one issue the impact that this has on other factors also needs to be taken into account.
Conclusions
The audits carried out demonstrated that savings were achievable in all the stores examined. The level of savings varied considerably with no one issue dominating. The potential energy savings varied widely with issues related to the way in which the refrigeration system was controlled and operated having the lowest paybacks. Payback periods tended to be higher in small stores and this emphasised the need to ensure the efficiency of small stores when purchased as limited improvements were economic during the life of the cold store. Twenty-four percent of the savings could be identified by a reasonably able cold store manager and a further 43% by their refrigeration engineer. This highlighted the need for regular checks of the operation of the refrigeration system to check set points, superheat, sub cooling and controls. Some of this could be automated and many of the issues identified in the audits could be simply highlighted to cold store managers through automated monitoring systems.
By far the majority of the savings identified had paybacks of less than 3 years. However, the payback period for each issue identified varied considerably and could range from being a very economic option to not being economically feasible. Therefore it was not possible to unequivocally state that certain technologies were economically attractive as a greater level of understanding of each refrigeration systems operation and use was required to fully quantify the energy savings that could be achieved.
The overall result of this study demonstrates that generic advice is of limited use to cold store operators. Each cold store must be assessed individually to fully optimise performance and to maximise energy savings.
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